Introduction
catalyst support is important for the CNT yield 14) . High concentration is desirable to use hydrogen for Carbon nanotubes (CNTs) have attracted much interfuel cells; therefore, reaction at elevated temperatures is est since the first discovery 1) , 2) for the many potential required due to the thermodynamic limitations of the applications 3)～6) based on their unique properties that equilibrium. However, decomposition of methane are applicable to many fields of science and technolocarried out over nickel catalysts at high temperatures gies 7)～9)
. Catalytic decomposition of methane may be (680-750℃) shows decreasing initial rate of carbon forthe most efficient large-scale and low-cost synthesis of mation with increasing reaction temperature. Similar the many methods to synthesize CNTs 10)～12)
.
complex kinetics of carbon formation from hydroHydrogen is expected to be in high demand as fuel carbons with apparent negative activation energy occur cells enter wide use. Hydrogen produced by methane in the high temperature region 15)～20)
. Rostrup-Nielsen decomposition is suitable for fuel cells, because it is, in and Trimm 15) discussed various possibilities for the principle, free from contamination of carbon monoxide origin of the apparent negative activation energy: (1) which poisons the Pt catalyst of fuel cells. Therefore, Gasification of carbon with hydrogen formed by the dedecomposition of methane to yield CNT and hydrogen composition of hydrocarbons, (2) Catalyst poisoning by is an attractive process.
formed carbon, (3) Catalyst poisoning by hydrogen Previously we reported that Ni catalyst supported on yielding inactive metal hydride, (4) Rate-determining zirconia synthesized by the glycothermal method proadsorption of hydrocarbons. They concluded by vides high CNT yield in the decomposition of pure detailed kinetic analysis of the decomposition of pro methane 13) . We also found that the morphology of the pylene that the last explanation is the most plausible, although they did not rule out the other possibilities.
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However, the decompositions of methane and propyl ＊ E-mail: inoue@scl.kyoto-u.ac.jp ene have completely different characteristics, although both reactions yield filamentous carbons, as the former reaction is endothermic whereas the latter is exothermic. Hydrogen pressure disturbs the former reaction but pro motes the latter reaction. Therefore, analysis of the decomposition of methane at higher temperatures is highly desirable. Two studies investigating methane decomposition have reported the existence of a rate maximum, above which the rates decreased with tem perature 19),20) . However, no detailed examination of apparent negative activation energy was carried out, and no explanation for the presence of the rate maximum was given. This is presumably because the carbon yield decreases with the temperature, which was caused by rapid deactivation of the catalyst.
Present efforts are concentrated on methane de composition at higher temperatures. Partial success has been achieved by adjusting the catalyst compo nents, and several papers reported the methane decom position at temperatures higher than 700℃ 21)～25) . To carry out the reaction at higher temperatures, basic understanding about the negative activation energy of methane decomposition is highly desirable. Therefore, the present study investigated the catalytic de composition of methane at high temperatures, and the mechanisms for methane decomposition in this temper ature region are discussed.
Experimental
Spherical Al2O3 particles, consisting of γ and δ phases with the BET surface area of 35 m 2 /g, were used as the catalyst support as purchased from Nanophase Technologies Corp. Catalysts were prepared by the impregnation method using an aqueous solution of Ni(NO3)2 ・6H2O 26) and calcined at 400℃ for 30 min prior to the reaction.
Methane decomposition was carried out with a thermo gravimetric apparatus (Rigaku, TAS8110). The cata lyst (20 mg) was set in a Pt mesh holder and heated in an argon flow (80 ml/min) to the reaction temperature. The gas flow was replaced with 80 ml/min of reaction gas containing various partial pressures of hydrogen and methane balanced with argon. The weight gain due to the carbon formation was monitored during the reaction, and the reaction was continued until the weight gain ceased. The rate of carbon formation was calculated from the initial slope of the weight gain-vs. time curve, and the carbon yield was directly obtained from the weight gain at the end of the reaction.
The morphologies of the carbon deposited by the methane decomposition were observed using a trans mission electron microscope (TEM), Hitachi H-800, operated at 200 kV. 
Results and Discussion
Pure methane (40 ml/min) was used as the reaction gas and methane decomposition behavior was investi gated in the temperature range of 450-750℃. Figure 1 shows the weight gain due to carbon formation on 10 wt％ Ni/Al2O3. Table 1 summarizes the carbon yield and the rate of carbon formation at various tem peratures. The highest carbon yield was observed at 550℃ (12.2 g/g-cat), which was quite high as compared with those of Ni catalysts reported previously 13), 14) . This result confirms the importance of the morphology of the catalyst support on the carbon yield 14) . The carbon yield gradually decreased with the reaction tem peratures above 550℃, and abruptly decreased above 700℃.
At temperatures higher than 680℃, a slow weight increase was continued after the initial rapid weight increase. The slow increase resulted from thermal de composition of methane in the gas phase, whereas the initial rapid increase was due to catalytic decomposi tion. The catalyst was promptly deactivated at 750℃ after only a small weight gain due to carbon deposition, although slow weight gain continued due to pyrolysis. Figure 2 shows the Arrhenius plot for the initial rate of carbon formation, which increased with higher reac tion temperature up to 680℃, and the apparent activation energy was 75.2 kJ/mol. Thermodynamic requirements suggest that the decomposition of methane proceeds easily at high temperatures: The equilibrium constants for decomposition of methane are K＝1.07×10
( M P a ) a t 550℃ a n d K＝1.34 ( M P a ) a t 750℃. However, if the reaction temperature exceeded 700℃, the initial rate of carbon formation decreased with reac tion temperature, indicating that the reaction has appar ent negative activation energy. This decrease in the initial rate may be caused by the sintering of the Ni par ticles. However, the Ni particles on the tips of carbon fibers formed at lower temperatures (～550℃) were much larger than those formed at higher tempera tures 27) , which is completely opposite to the effect pre dicted by the sintering of Ni particles. Moreover, fragmentation of the initial catalyst particles (micro meter size) into nanoparticles occurs during the de composition of methane 28) . This phenomenon is named ＂metal-dusting＂ or ＂nanodusting,＂ and has been found during the corrosion of nickel or nickel-based alloys 28 ), 29) . Therefore, sintering of the nickel particles does not affect the carbon formation, and different rate- To investigate the effects of the partial pressures of methane and hydrogen (PM and PH 2 ) on the reaction rate, mixtures of methane, hydrogen, and argon were fed to the reactor with total flow rate adjusted to 80 ml/ min, and carbon formation was examined. Figure 3 shows the weight gain due to carbon formation at 680 and 720℃ at various partial pressures of methane with hydrogen partial pressure fixed at 25 kPa. As summa rized in Table 2 , the initial rate of carbon formation increased with the partial pressure of methane in both high and low reaction temperature regions. The tem perature with the maximum rate showed complex dependence on the partial pressure of methane.
The carbon yield increased with increasing partial pressure of methane from 680℃ to 740℃. The increase in the driving force for methane decomposition due to the increase of the methane partial pressure may cause the increased carbon yield 30) . The carbon yields were much smaller and the catalyst lives were much shorter at 720℃ than at 680℃. Figure 4 shows the weight gain due to carbon for mation at 680 and 720℃ at various hydrogen partial pressures with methane partial pressure fixed at 38 kPa. The initial reaction rates are given in Table 3 . The initial rate decreased with the hydrogen partial pressure below 700℃. However, the initial rate was approxi mately independent of the hydrogen partial pressure above 720℃. Increased partial pressure of hydrogen prolonged the catalyst life since the hydrogen gasified any carbon encapsulating the catalyst particle and caus ing deactivation 13) . Therefore, the carbon yield was increased by adding appropriate amounts of hydrogen to the reaction gas. However, the carbon yield decreased if the partial pressure of hydrogen was too high. Similar results were obtained for the reaction of CH4 _ CO2, suggesting that CNT formation is easily dis turbed by physical obstacles if the driving force for the formation of CNT is low 30) . Table 4 summarizes the reaction order with respect to methane and hydrogen calculated from the data in Tables 2 and 3 . The reaction order with respect to methane was 1.4, irrespective of the reaction tempera ture. In contrast, the reaction order with respect to hydrogen was -0.5 below 700℃, and zero above 720℃. TEM examination of the carbon formed at (Fig. 5) , clearly showed that CNTs formed in this temperature region had essentially identical mor phology to those obtained in the low temperature re gion. The dissolution-precipitation mechanism is generally accepted as the mechanism of CNT growth on Ni cata lysts during methane decomposition 15),31)～34) : Methane is adsorbed on the nickel surface and decomposes into carbon and hydrogen. Deposited carbon dissolves into the bulk of nickel particles, diffuses through the metal particles, and is precipitated as CNT at the rear side. The driving force for the diffusion of carbon through the nickel particles may be either the carbon-concentration gradient 15 ),32), 34) or the temperature gradient in the nickel particles 31), 33) . We will discuss the reaction order and the negative activation energy based on the dissolution-precipitation mechanism and the Langmuir-Hinshelwood mech anism. We assume that the methane molecules and car bon and hydrogen atoms formed by methane decomposi tion are adsorbed on the same adsorption sites, that is, one atom or molecule occupies one site. Therefore, the decomposition of one methane molecule requires five adsorption sites, as illustrated in Fig. 6 . We also assume that the surface reaction (i.e., de composition of surface methane into surface carbon and hydrogen atoms), the dissolution of surface carbon atom into the nickel particle, and the adsorption of hydrogen proceed quite rapidly and attain equilibrium.
Under these assumptions, the total reaction rate, v, is expressed as follows:
v＝kMPMSV-kM＇SM (1) where kM, kM＇, SV, and SM are the rate constants for ad sorption and desorption of methane and numbers of the vacant sites and the sites occupied by methane on the nickel surface, respectively.
Equation (1) is easily obtained from the steady-state assumption for the number of surface methane sites, dSM /dt＝0. The assumption implies that consumption of the intermediates (surface methane) is much faster than the formation of the intermediate (adsorption of methane), meaning that the adsorption of methane is the rate-determining step. If adsorption of methane is not the rate-determining step, the intermediate species are accumulated on the catalyst surface, and the steadystate assumption does not hold. In the present experi ment, however, the increase of the catalyst weight was measured, and therefore, the observed rate reflects the rate for the formation of all carbon species including surface methane (contribution of the weight of hydrogen was ignored), surface carbon and carbon species dis solved in the nickel particles as well as the final CNT product. Therefore, Eq. (1) does not show the forma tion rate of CNTs but the consumption rate of methane, which is equal to the formation rate of all carbon species. Note that Eq. (1) holds without requiring any assump tions.
The number of surface sites occupied by carbon and hydrogen (SC and SH) are given by the following equa tions, where KD and KH are the equilibrium constants for carbon dissolution and adsorption of hydrogen (KD＝ kd/kd＇, KH＝kH/kH＇), and CNi is the concentration of car bon in the nickel particles: 
The number of total adsorption sites on the nickel sur face, designated as Stotal, is given by: Stotal＝SV＋SM＋SC＋SH (6) Then, the number of vacant adsorption sites, SV, can be transformed as follows:
1/2 }(7) Substitution of SV in Eq. (5) with Eq. (7) gives Eq. (8):
This kinetic expression can explain the reaction order determined empirically. For simplicity, the second term of the numerator in Eq. (8) will be neglected in the forthcoming discussion.
Although the denominator in Eq. (8) is rather compli cated, the second, third and fourth terms can be reduced to SC/SV, SH/SV and SM/SV, respectively. Therefore, comparison of numbers of vacant, carbon, hydrogen and methane sites is important.
If methane is predominant on the surface of the cata lyst, Eq. (8) can be approximated by Eq. (9):
Under this condition, the rate-determining step is the surface reaction, and the reaction orders with respect to methane and hydrogen are 1 and -2, respectively. However, we observed the order with respect to hydro gen as -0.5 in the low temperature region. If vacant sites are predominant on the catalyst sur face, Eq. (8) can be approximated by Eq. (10): v＝kMStotalPM (10) Under this condition, the rate-determining step is the adsorption of methane, and the reaction orders with respect to methane and hydrogen are 1 and 0, respec tively. These reaction orders agree with the empirical results at above 720℃. However, Eq. (10) cannot explain the apparent negative activation energy because the adsorption of methane is an elementary step; there fore, kM should increase with the reaction temperature.
If hydrogen atoms are predominant on the surface of the catalyst, Eq. (8) can be reduced to Eq. (11):
Under this condition, the rate-determining step is the adsorption of methane which is disturbed by surface hydrogen atoms, and the reaction orders with respect to methane and hydrogen are 1 and -0.5, respectively. These reaction orders are in good agreement with the empirical results observed at below 700℃, although the empirical value of 1.4 for the reaction order with respect to methane was slightly larger than that expected by Eq. (11) .
If surface carbon is predominant, then Eq. (8) can be transformed into Eq. (12):
Under this condition, the rate-determining step is the dissolution of surface carbon into the nickel particles, and the reaction orders with respect to methane and hydrogen are 1 and 0, respectively, which are in good agreement with the empirical observations in the high temperature region. With increasing reaction temper ature, the desorption of hydrogen becomes fast, and KH becomes small; so the reaction order with respect to hydrogen changes from -0.5 to 0.
Using the Arrhenius and van＇t Hoff equations, Eq (12) is transformed into Eq. (13): 35) the solubility of carbon into nickel increases with tem , perature below the eutectic point (1025℃), and decreases with temperature above 1025℃. TEM observation (Fig. 5) revealed that the average diam eters of the Ni particles at the tips of the CNTs were 25-30 nm at the temperatures used in this study; there fore, the melting point of the Ni particles was reduced by the size effect 36), 37) . The Ni particles at the tips of the CNTs had a droplet shape at above 600℃; which implies that the melting point of the small Ni particles was much lower than the normal melting point (mp＝ 1455℃) for bulk nickel. We can assume that the eutectic point also decreases with the decrease in melt ing point. Therefore, the solubility of carbon into the nickel particles, or KD, decreases with increasing tem perature, and so ΔHD θ is apparently negative. As mentioned above, Eq. (12) holds if the carbon atoms are abundant on the surface of the catalyst because of the rate-determining dissolution of carbon in the Ni particles. Under these conditions, the growth of CNTs easily ceases because of the development of graphite layers on the front surface of the nickel particles. In the present study, carbon yield was abruptly decreased by increasing the reaction temperature above 700℃.
Conclusions
Ni catalyst supported on spherical alumina particles provided high carbon yields from methane de composition. The carbon yield was 12.2 g/g-cat at 550℃. The initial rate of carbon formation increased with reaction temperature up to 680℃, but decreased at higher temperatures, although high temperatures should favor the decomposition of methane from the thermo dynamical point of view. Therefore, the mechanism controlling the decomposition of methane at high tem peratures is different from that operating at low temper atures. The effects of the partial pressure of methane and hydrogen on the reaction rate were investigated. The reaction order with respect to methane was ca. 1.4 irrespective of reaction temperature. On the other hand, the reaction order with respect to hydrogen was -1/2 at below 700℃, but 0 at above 720℃. These reaction orders determined empirically could be explained by the Langmuir-Hinshelwood mechanism. The rate-determining step is the adsorption of methane which is disturbed by surface hydrogen atoms at below 700℃, whereas the rate-determining step is dissolution of carbon species into the bulk of nickel particles at above 720℃. This mechanism can also explain the abrupt decrease in the carbon yield at higher tempera tures. Furthermore, this mechanism implies that the negative activation energy results from the decrease of solubility of carbon into the nickel particles at higher temperatures. 
